Abstract. We investigated a link between facultative semelparity ("male die-off") in a small, endangered marsupial, Parantechinus apicalis (the dibbler), and the availability of resources on two small islands in Western Australia. Post-mating survival of male dibblers differed between the two islands, and the input of nutrients from nesting seabirds was a possible factor affecting available resources and therefore survival of male dibblers. Seabirds can increase significantly the concentration of nutrients in the soil and can ultimately lead to an increase in abundance of primary consumers and predators. We compared concentrations of soil nutrients, body condition, and post-mating survival of male dibblers on both islands. The body condition and post-breeding survival were significantly better on the island with many seabirds, where soil nutrients were up to 18 times higher, than on the adjacent island with fewer seabirds. Our results indicate a potential link between male dieoff and resource availability. We suggest that marine-derived nutrients transported onto islands by nesting seabirds can alter the productivity as well as the life history traits of species in an island ecosystem.
INTRODUCTION
The phenomenon of "male die-off," found in several Australian carnivorous marsupials (dasyurids), in which males die after mating due to stress (Lee and McDonald 1985) , is still poorly understood. In most species, die-off is obligate, yet it is unclear why for a few species male die-off occurs only in some years and in some populations (facultative die-off). For dasyurids, both with obligate and facultative male die-off (Cockburn 1997) , good body condition and high fat reserves prior to the breeding season are vital for males to survive during the short, intense breeding season (2-3 wk) that can result in stress-related deaths Cockburn 1985, Lee and McDonald 1985) . Increased levels of circulating testosterone in the breeding season lead to high levels of free cortisol (Bradley et al. 1980) , which, in turn, promote gluconeogenesis from protein. Therefore males with poor body reserves cannot sustain themselves throughout the mating period (Oakwood et al. 2001 ). Furthermore, free cortisol depresses the immune system, and males often die from stress-related diseases such as gastric ulcers or infections from bacteria or parasites (Lee and McDonald 1985) .
Within species with facultative male die-off, such as the dibbler, Parantechinus apicalis (Mills and Bencini 2000) , and Dasyurus hallucatus (Dickman and Braithwaite 1992, Braithwaite and Griffiths 1994), it is unclear why male die-off only occurs in some years and in some populations. Mills and Bencini (2000) hypothesized that environmental factors, such as food availability, may play an important role. By contrast, Dickman (1993) suggested that habitat characteristics alone were not likely to be the only factors causing these differences in male die-off and that sperm competition may play an important role. Studies of Antechinus stuartii, a dasyurid with obligate male die-off in the wild, demonstrated that males in captivity are able to survive beyond the breeding season, although exhibiting permanent spermatogenic failure (Woolley 1966 There are marked differences in the species of breeding seabirds between Whitlock and Boullanger Islands. the density of breeding seabirds is higher on Whitlock Island. Previous studies have also shown that the density of dibblers (both males and females) was greater and that more males survived after the breeding season on Whitlock Island than on Boullanger Island (Mills and Bencini 2000) . In this study, we have attempted to fill in the "missing parts" of this interaction and compared on both islands: (1) the density of breeding seabirds, (2) the concentration of soil nutrients, (3) the percentages of male dibblers in different age classes, and (4) the mean body condition of male dibblers. We expected that a greater density of seabirds would be found on Whitlock Island and therefore that the concentration of soil nutrients would be greater on Whitlock Island. We expected that the mean body condition of male dibblers would be better on Whitlock than on Boullanger Island due to greater abundance of invertebrates on Whitlock Island (Miller et al. 2003) and that, as a result, males would survive for longer on Whitlock than on Boullanger Island. 
Comparison of age class structures of male dibblers
We compared seasonal changes in numbers of males in each age class (between I and 2 yr old, between 2 and 3 yr old, and greater than 3 yr old) between Whitlock and Boullanger Islands. A comparison of age classes between islands accounts for the possibility that the observed male die-off on Boullanger Island during some years (Mills and Bencini 2000) could be a reflection of the low density of males, and therefore their low trappability, rather than the death of all males in the population.
Body condition index
For both islands, we used two methods to calculate the mean body condition of all males trapped during the four months (November to February) prior to the breeding season when males are reaching their peak mass. With the first method (LeCren 1951) a simple index of condition is obtained by dividing body mass by a measure of body length cubed, in this case the short pes (foot). The second method, considered by some authors to be a more accurate method than the first (Krebs and Singleton 1993), used a regression equation between body mass and a constant body measurement to obtain a ratio of predicted body mass over observed body mass. Using the second method, an mean body condition index equals 1.0. Body condition indices were calculated for males trapped between 1997 and 2002 using body mass and length of pes.
Statistical analysis
Body condition indices were compared between islands using a Student's t test. For the analysis of soil nutrient concentrations, Box's M tests showed a sig- nificant heterogeneity of variance for nitrate, ammonium, and potassium. Logarithmic transformation of the data corrected for any heteroscedasticity (Tabachnick and Fidell 1996). Differences in soil nutrients between islands were examined by multiple analysis of variance with a single independent variable being site (island) and plant-available soil nutrients the multiple dependent variables (Tabachnick and Fidell 1996) . Effects were assumed to be significant when the level of probability was 5% or less. Results are presented as means ? 1 SE.
RESULTS

Comparison of seabird densities between islands
A greater density of seabirds was found on Whitlock Island with densities of 370 P. pacificus burrows per hectare and 400 S. anaethetus individuals. Only -196 burrows per hectare of P. marina were found on Boullanger Island.
Comparison of soil nutrient concentrations between islands
Concentrations of plant-available soil nutrients were 5-18 times greater on Whitlock than Boullanger Island for all nutrients tested (P < 0.001, Table 1 ).
Comparison of age class structures of males between islands
From 1997 to 2002, we trapped 50 individual males on Boullanger Island. Forty-nine were between 1 and 2 yr old (98%), only one was between 2 and 3 yr old (2%), and none were more than 3 yr old. By contrast, males survived for longer on Whitlock Island, where we trapped a total of 166 individual males. Of these, 111 were between 1 and 2 yr old (67%), 45 were between 2 and 3 yr old (27%), and 10 were more than 3 yr old (6%). Not only did males survive for longer on Whitlock Island, the total number of males known to be alive (KTBA) was on average six times higher on Whitlock than on the larger Boullanger Island from 1997 to 2002 (Fig. 1) .
Comparison of body condition of males between islands
The mean body condition of males was significantly better on Whitlock Island than on Boullanger Island. The letter "a" indicates that the dibblers were at least 1 yr old, the letter "b" that males in the 1-2-yr-old group were at least 2 yr old, and the letter "c" that males in the >3-yr-old group were at least 3 yr old. Numbers above the graph bars represent sample sizes. For example, the zeros above winter (W) and spring (Sp) 1999 indicate that no males were trapped during these sessions, indicating that male dieoff occurred in that year. (Fig. 1) . Since this difference in the distribution of age classes between the two islands could have influenced the body condition of males on Whitlock Island, only males in the same age classes were compared and males older than 2 yr old were eliminated from the analysis. The body condition of males between I and 2 yr old prior to the breeding season was compared between islands using the regression method. The mean body condition of male dibblers was still significantly better on Whitlock Island (1.14 ? 0.02) than on Boullanger Island (1.05 ? 0.03) (P = 0.013).
DIscuSSION
It is unclear why differences in male die-off exist between small dasyurid species. It has been suggested that habitat characteristics, such as seasonal food availability, are not likely to be the only factors causing these differences in male die-off (Dickman 1993). Sperm competition might play an important role in some species, in addition to, or instead of, the timing and abundance of available food resources (Dickman 1993) . The stress-related deaths of males of these species may be linked to the intense reproductive effort needed to mate with many females during their short annual breeding season, thereby maximizing their reproductive effort (Dickman 1993 ). This hypothesis was suggested to explain differences found in male die-off between island and mainland populations of dibblers (Dickman and Braithwaite 1992) . The observation that males die post-mating on Boullanger Island and survive within mainland populations was suggested to be a result of the higher population density on Boullanger Island, which promoted more frequent interactions between males. This, in turn, would promote greater levels of reproductive effort in competing males, increased stress, and therefore earlier death (Dickman and Braithwaite 1992). While this hypothesis has considerable merit, it does not explain the higher rates of survival of male P. apicalis on the densely populated Whitlock Island in comparison to the relatively sparsely populated Boullanger Island. Therefore, the hypothesis of sperm competition cannot adequately explain the differences in die-off between the island populations and strongly suggests that habitat factors are important influences on male die-off patterns observed in the present study.
Prior to this study, the possibility that male die-off in a facultative species may depend on the availability of resources had been proposed (Braithwaite and Griffiths 1994, Mills and Bencini 2000), but not investigated. We have identified differences in habitat between Boullanger and Whitlock Islands, including seabird density and differences in plant-available nutrients in the soil. We have also provided evidence that strongly suggests an association between these habitat differences and the body condition and age class structures for male dibblers on each island.
While there are limitations and a degree of error in using a body condition index when comparing two groups of animals (Krebs and Singleton 1993) . This is a similar finding to previous studies, for example Polis and Hurd (1995), who found that on islands where seabirds were breeding on only part of the island, spider densities were 12 times greater within seabird colonies compared to areas away from the colonies. Sainchez-Pifiero and Polis (2000) also reported that tenebrionid beetles were six times denser within than away from seabird colonies on the same island.
While a large difference in soil nutrients (and therefore productivity) seems a plausible explanation for the differences in body condition and post-mating survival of male dibblers on Boullanger and Whitlock Islands, other differences between the two islands may also play a role. Small populations of King's skinks (Egernia kingii) and the Boullanger Island dunnart (Sminthopsis griseoventer boullangerensis) are found on Boullanger Island, but not on Whitlock Island. The diets of dunnarts and juvenile King's skinks are similar to that of the dibbler (Dickman 1988 , Bush et al. 1995 , so food competition with these species on Boullanger Island may decrease the availability of food resources and negatively affect the survival of dibblers. This extra element of food competition on Boullanger Island would further reduce available resources for dibblers when compared to neighboring Whitlock Island and may contribute to the lower body condition scores of male dibblers leading into the breeding season. However, we consider this unlikely, since the population densities of these two species are very low (trap success rates of 1.6% for King's skinks and 0.04% for dunnarts).
Further support for a link between facultative dieoff and resource availability comes from a study on the northern quoll (Dasyurus hallucatus), a species closely related to the dibbler. This species exhibits differences in male die-off between two environments in northern Australia (Braithwaite and Griffiths 1994). Males survive longer, have a greater population density, and better physiological condition in the more productive rocky country (Freeland et al. 1988 ) than males found in relatively less productive arid savannah (Braithwaite and Griffiths 1994) . This pattern, which is very similar to that of the two island populations of dibblers, suggests that habitat factors influence male die-off in the northern quoll.
Availability of resources is greater on islands with higher densities of seabirds. This study strongly suggests that resource availability is also a major factor determining facultative die-off in island populations of dibblers and is likely to influence facultative male dieoff in other marsupials. The next step would be to test this resource availability hypothesis experimentally, for example a transplant experiment or supplementing nutrients on Boullanger Island. However, due to the fragile nature of the islands and the high conservation status of the dibbler, at present this is not possible.
Males in captivity survive, produce sperm, and sire litters up into their third year (Mills and Bencini 2000) . This study suggests that dibblers on Whitlock Island are potentially iteroparous, while dibblers on Boullanger Island are potentially semelparous, a life history strategy that is imposed by limited resources within the environment.
